be a rising demand for smaller microelectromechanical systems (MEMS) and nanoelectromechanical systems (NEMS) devices. High aspect ratio three-dimensional microstructures with nanometer details are also of growing interest for optoelectronic devices, and biochips using microfluidic channels are considered to have potential in the biomedical field.
Next-generation lithographies (NGLs) are actively being developed to take over from the highly successful optical lithography. As feature sizes shrink to well below 100 nm, diffraction limits imposed on the further development of optical lithography make it increasingly difficult to remain in step with Moore's law 1 , although translating optical lithography to shorter wavelengths (e.g. extreme ultraviolet -EUVlithography) alleviates such diffraction effects. Development of NGLs has focused on industrial production, and such masked lithographies (where primary radiation transmitting through large-area masks casts a pattern in a resist material) are considered the most efficient means of producing multiple and cheap components. More recently, however, direct-write technologies (where the primary radiation is focused to a small beam and scanned serially across a resist) have been considered as possible alternatives to masked technologies 2 . Although the relatively low fabrication speed of direct-write technologies has been previously considered too slow for mass production, these serial techniques may have some distinct advantages when used to write stamps or molds and combined with nanoimprinting and pattern transfer 3, 4 .
The direct-write technologies currently employed for nanofabrication are, in general, based on charged particles that can be focused to nanodimensions, e.g. electrons (e-beam writing) and slow heavy ions (focused ion beam technology -FIB). Both these technologies have been highly successful, and e-beam writers and FIB instruments are available commercially. In e-beam writing, the primary interaction between the electron beam and the resist material is that of electron/electron collisions, which results in large-angle multiple scattering of the electron beam and the classic 'pear-shaped' ionization volume around the point of entry into the material. The electron trajectories can be simulated using Monte Carlo techniques such as Casino 5 . As an example, a focused 50 keV electron beam penetrates up to a depth of 40 μm in the resist poly(methyl methacrylate), or PMMA, with a 20 μm spread in the beam. Sub-100 nm e-beam writing therefore can only be realized in very thin resist layers, although high aspect ratio structures can be fabricated using additional steps, e.g. reactive ion etching. In FIB, the primary mechanism is that of momentum transfer between the slow-moving incident heavy ions and the atoms on the surface of the material. The surface atoms are rearranged, resulting in chemical and structural changes as well as sputtering of atomic and molecular species from the surface.
The sputtering mechanism can be calculated using Monte Carlo techniques 6 , and the sputtering rate for a 30 keV Ga ion of around one to ten atoms for a wide variety of materials has been measured 7 . This relatively slow rate of material removal compared with e-beam writing in resists imposes limitations on FIB as a rapid fabrication technique, and as such FIB is generally confined to specialist applications only.
Recent developments in high-energy (MeV) proton focusing in which sub-100 nm levels have been demonstrated 8 
Physical properties of MeV protons
The trajectory of a MeV proton in a resist material is dependent on the interaction with both the atomic electrons and nuclei in the material.
For most of its path, the probability that a proton interacts with an electron is a few orders of magnitude larger than for nuclear scattering and, as a first approximation, nuclear collisions have little effect on the trajectories 6 . Because of the high mismatch in mass between the proton and the material's electrons (m p /m e ≈ 1800), proton collisions with electrons do not result in any significant deviation in the trajectory of a proton from a straight-line path. Further, because of the momentum mismatch, the energy transfer in each proton/electron collision is small and, consequently, many thousands of collisions will occur before a proton comes to rest. The primary interaction of high-energy protons (e.g. 500 keV -3 MeV) is, therefore, that of deep penetration into the material with a minimal amount of surface disruption. In addition, diffraction effects are not an issue (the wavelength of a 100 keV proton is around 10 -4 nm).
The interaction between a proton beam and matter can be summarized as follows:
(i) The proton beam travels in a straight line apart from a small amount of end-of-range broadening (where nuclear collisions become more prominent). This offers a considerable advantage over e-beam writing for fabricating high aspect ratio threedimensional structures, since a finely focused electron beam spreads rapidly as it enters the resist material.
(ii) The exposure as the protons penetrate the material is relatively constant (apart from a ten-fold increase at the end of range). This feature offers an advantage over EUV or X-ray lithographies, which exhibit an exponential reduction in dose with depth.
(iii) The penetration depth of the proton beam is well defined and can be varied by changing the proton beam energy. This is a unique characteristic that allows multilevel structures to be formed in one layer of resist.
(iv) Lithography with protons also offers a virtual absence of highenergy secondary electrons that could otherwise give rise to unwanted exposure of the resist (proximity effects). In e-beam writing, for example, a small but significant fraction of secondary electrons are generated with energies that can contribute to the proximity effect in the micron range. Proton trajectories and Proton beam writing REVIEW energy loss profiles can be accurately simulated by means of Monte Carlo calculations, for example using the computer code SRIM 6 , and e-beam writing can be simulated using the CASINO code 5 
Current performance of p-beam writing

P-beam writing has been pioneered by the Centre for Ion Beam
Applications (CIBA) at the National University of Singapore. The technology, which uses a MeV proton beam focused to small spot sizes and scanned across a resist, is similar to that developed for nuclear microscopy and nuclear microprobe applications using MeV protons 14 .
A small particle accelerator provides a stable beam of MeV ions that is Most of the early p-beam written structures [16] [17] [18] [19] [20] [21] were fabricated in PMMA, a polymer resist widely used in e-beam writing (Fig. 5a ).
Subsequently, a variety of resist materials have been tested [22] [23] [24] and high aspect ratio test structures at the nanolevel have been written in both SU-8 and hydrogen silsesquioxane (HSQ) (Figs. 5b and 5c) 25-27 .
The penetration depth of the proton beam depends on its energy, and this feature has been used to produce multilevel structures (Figs. 6a and 6b). These test structures are fabricated by using different proton energies in one layer of resist, which is subsequently developed.
Several groups have also produced subsurface channels and tunnel structures [28] [29] [30] , demonstrating the flexibility of p-beam writing.
When polytetrafluoroethylene (PTFE) is exposed to MeV protons in an oxygen-rich atmosphere (e.g. air), it is possible to create holes of millimeter depths, much greater than the penetration depth of the incident protons. The hole diameters are defined by the beam scan 
Application areas
The current application areas of p-beam writing are those that use the prime features of p-beam writing, i.e. precise three-dimensional fabrication in resist materials and the ability of protons to produce atomic displacement and damage at specific depths in the sample.
Photonics
Waveguides
Optical waveguides represent an integral part of many microphotonic devices ranging from optical amplifiers, optical switches, and ring resonators, to interferometers 32 . Two types of waveguiding structures have been fabricated using p-beam writing. The first type involves direct fabrication of a high refractive index core followed by coating with a lower refractive index cladding layer. This procedure has been used to make both single and multimode waveguides in polymers 33 The second fabrication technique relies on the property that MeV protons traveling into a sample will lose most of their energy and cause most damage in the sample at the end of range. This beam-induced damage causes a volume change at the end of range, resulting in increased density and increased refractive index 36 . In order to achieve weak guiding of light, a refractive index contrast of about 10 -4 -10 -3 is usually sufficient, depending on the material being used. The p-beam writing technique has also recently been applied to the fabrication of buried channel waveguides in phosphate glass that has been co-doped with Er 3+ and Yb 3+ to produce optical amplifiers with a maximum net gain of 1.72 dB/cm measured at a wavelength of 1.534 μm 37 .
Lens arrays
P-beam writing has the flexibility to fabricate microlens arrays using the thermal reflow process 38 without the need for a high aspect ratio mask. Firstly, a layer of photoresist is spin coated onto a transparent substrate (e.g. a glass slide or coverslip) and patterned using p-beam writing. The exposed regions are then removed to leave behind an array of cylinders with diameters corresponding to that of the required final lens. The cylindrical structures are then heated to a temperature well above the glass transition temperature of the polymer but below the disintegration temperature. During the heating process, the polymer flows and the surface tension forms a hemispherical surface on the substrate. This process has been used to fabricate microlens arrays in PMMA 33 . The p-beam writing technique has also been used in conjunction with Ni electroplating to fabricate microlens array molds and stamps. These stamps have been used to replicate microlens arrays in polymers such as polydimethylsiloxane (PDMS) and polycarbonate 39 .
Gratings
The ability of p-beam writing to produce vertical and smooth sidewalls in resist materials, coupled with a low line-edge roughness, makes it an ideal technique for many microphotonic devices. Gratings have been fabricated in various thickness of PMMA 33 . Fig. 7c shows a grating fabricated in an 800 nm layer of PMMA spin coated onto a Si wafer that has been previously coated with a Cr (20 nm)/Au (200 nm) seed layer. The metallic seed layer in these samples assists the adhesion of the PMMA to the Si substrate, although for the production of metallic gratings this layer can also act as a seed layer for electroplating. The extremely low line-edge roughness can be easily observed in these images, indicating that higher density lines and spaces are possible with the p-beam writing technique.
Colloidal crystal templates
In 1987, Yablonovitch 40 and John 41 showed that electromagnetic radiation interacting with a periodic dielectric structure with a lattice Fig. 6 (a) 
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constant of the order of the wavelength of the radiation exhibits behavior analogous to electrons in a crystalline material. This discovery has led to a surge of interest in the development of new microoptical systems, since the ability to control light in three dimensions will lead to numerous applications in the field of optoelectronics and microphotonics. These photonic crystals can be used to make waveguides with 90º bends, enhance the emission from light-emitting diodes 42 , and fabricate optical fibers that have air as a core material 43 .
One way of fabricating photonic crystals uses the crystallization of a monodisperse colloidal system to create a three-dimensional lattice of micro-and nanospheres. Because p-beam writing can write precise and accurate three-dimensional structures with vertical walls and low edge roughness, it has been shown to be a useful tool for the fabrication of polymeric templates for directed self-assembly 33 . The precision of the high aspect ratio template structures that can be machined using p-beam writing can be used to support more layers than are otherwise possible with standard colloidal crystallization techniques.
Microfluidic devices, biostructures, and biochips
The ability of p-beam writing to create smooth three-dimensional channels in polymers allows the direct writing of microfluidic devices. Microchannels down to 100 nm wide in PMMA have been fabricated and a surface smoothness of 2.5 nm for the sidewalls of the channels has been measured using atomic force microscopy (AFM).
Characterization of the channels' electrokinetic behavior has been undertaken 44 , and a theoretical model developed to predict the bulk electro-osmotic flow of phosphate buffer solution in the channels has shown good agreement with the measured electro-osmotic mobilities.
Encapsulation of the microchannels to avoid fluid evaporation is an important factor in fabricating a working system, and thermal bonding techniques to produce enclosed proton-written nanochannels have proved successful 45 .
In work involving the behavior of cells (fibroblasts) in a threedimensional micro-environment, p-beam writing has been used to fabricate a cell 'corral' consisting of a circular wall with four 'outlet channels' of differing widths enclosing a flat surface 46 . Cells seeded onto the circular flat surface migrate outward to the inside wall of the corral, where further migration is retarded. Cells pass through the outlet channels one by one, at a migration speed dependent on the width of the channels.
The ability of p-beam writing to write deep channels with widths below 100 nm demonstrates the potential of fabricating biochips that can sort cells, DNA, and large proteins. An example of a test chip created using p-beam writing is shown in Fig. 8 , which operates through the process of entropic trapping 47 . In the p-beam written chip, Fig. 9c indicates the high quality and reproducibility of the pattern after being transferred into PMMA 48, 49 . The imprint lithography was carried out with a commercial nanoimprinter (Obducat Technologies NIL-2-PL 2.5 nanoimprinter) using hot-embossing lithography.
Fig. 7(a) Fabrication procedure for ridge-type waveguides fabricated in SU8. (b) SEM images of an SU8 Y-branch made using p-beam writing, before and after the cladding layer is added. (c) SEM images of a surface relief grating fabricated in an
P-beam modification of Si
P-beam writing in Si results in a patterned damage profile that can be used in a variety of ways. It has been used for producing micropatterned Si surfaces, controlled photoluminescence from patterned porous Si, and controlled reflectivity from patterned porous Si Bragg reflectors. Fig. 10 indicates the process used.
First, a finely focused beam of MeV ions 50 is scanned over the Si wafer surface (Fig. 10a) . The ion beam loses energy as it penetrates the semiconductor and comes to rest at a well-defined range. The stopping is immersed in KOH the porous Si is removed, leaving the patterned structure on the wafer surface as a three-dimensional representation of the scanned pattern and dose (Fig. 10c) .
Si microfabrication
Many new technologies require the fabrication of precise threedimensional structures in Si 52, 53 . Electrochemical etching of Si in HF is emerging as an alternative technique for micromachining because of its low cost, fast etching speed, and easy implementation. Recent results on fabricating high aspect ratio, multilevel structures in Si have been published [54] [55] [56] .
Figs. 11a and 11b shows scanning electron microscopy (SEM) images of a linear waveguide with a grating at the top surface with a 1 μm period. This is designed to transmit a certain infrared (IR) wavelength along the waveguide while the grating selects which wavelengths are transmitted, depending on the periodicity.
This waveguide was formed by first fabricating the waveguide using the micromachining process described above, then spinning on a layer of polymer resist and creating a grating in the polymer using a second irradiation stage with a beam spot focused to 100 nm or less.
The pattern is then transferred to the Si waveguide top surface using reactive ion etching.
After etching beyond the end of range of the ions, the isotropic electrochemical etching process starts to undercut the irradiated structure, so multilevel micromachined structures can be created by 
Porous Si patterning
Porous Si is of interest because of its photoluminescence (PL) and electroluminescence (EL) properties 57, 58 , raising the possibility of producing light-emitting devices with microelectronics compatibility.
A potentially important application of porous Si is the production of 
Distributed Bragg reflectors in porous Si
The refractive index of porous Si is lower than for bulk Si: it is inversely proportional to the anodization etch current density. A distributed 
Magnetic writing in carbon
generation of large area, high-density, low-dimensional structures.
The potential role of imprint lithography for mass production depends crucially on the quality of stamps that can be fabricated, and p-beam writing appears ideal for producing high aspect ratio metallic stamps of precise geometry.
Focused MeV proton beams may also be used to produce high aspect ratio, multilevel microstructures in Si by using the ability of protons to modify the local properties of Si through vacancy production. The feature heights of the irradiated structure can be accurately controlled with the incident beam dose, enabling the production of a multilevel structure by multiple dose exposures in a single irradiation. P-beam writing can also be used to produce writing, which is still in its infancy, will be an exciting venture requiring the development of high-brightness proton sources and more stable ion accelerators in order to achieve nanometer resolution. The lack of a userfriendly commercial instrument is currently holding back the potentially wide range of application fields in which p-beam writing could make a substantial impact. Hopefully, this will be addressed in the near future.
